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This  report  is  a  survey  of  current  literature  dealing 
with  underground  construction  practices  and  will 
provide  the  Army  with  information  for  comparing 
the  advantages  and  disadvantages  for  methods  for 
constructing  hardened  facilities.'  Current  procedures 
and  problems  in  underground  construction  were 
evaluated  in'  the  areas  of  cut  and  cover  methods, 
deep  siiaftsi  tunneling,  ground  water  control,  security 
and  survivability,  costs,  and  energy  savings. 


An  example  building  was  then  taken  for  under' 
ground  siting  to  compare  the  apidicability  of  the 
alternative  construction  te^nigues  described  in  the 
literature.  The  exampte  related  the  dioice  of  con¬ 
struction  method  to  security /survivability  potential 
and  ground  water  centr'd  methods. 

The  study  showed  that  underground  buddmet 
can  be  more  econofliic;d  than  conventienni  ^ove- 
ground  buildings  over  a  20-  to  SO-year  hfe  cycle 
because  of  energy  savings.  Since  adequate  technology 
is  available  to  construct  hardened  underground 
facilities  under  virtually  any  ground  eonditiont,  the 
main  constraint  in  construction  projects  reanatos 
economic  viability  rather  than  technical  feasUiility. 
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applicability  of  the  alternative  construction  techniques  described  in  the 
literature.  The  example  related  the  choice  of  construction  method  to  secur¬ 
ity/survivability  potential  and  ground  water  control  methods. 

•  The  study  showed  that  underground  buildings  can  be  more  economical  than’ 
conventional  aboveground  buildings  over  a  20-  to  30-year  life  cycle  because  of 
enery  savings.  Since  adequate  technology  is  available  to  construct  hardened 
underground  facilities  under  virtually  any  ground  conditions,  the  main  constant 
in  construction  projects  remains  economic  viability  rather  than  technical 
feasibility. 


FOREWORD 


This  research  was  performed  for  the  Directorate  of  Engineering  and  Construction, 
Office  of  the  Chief  of  Engineers  (OCE)  by  the  Engineering  and  Materials  Division  (EM), 
U.S.  Army  Construction  Engineering  Research  Laboratory  (USA-CERL).  The  work  was 
done  under  Project  4A 162731 AT41,  "Military  Facilities  Engineering  Technology";  Task 
Area  A,  "Facilities  Planning  and  Design";  Work  Unit  071,  "Underground  Construction  for 
Military  Facilities."  This  work  was  performed  in  part  by  the  Southwest  Research  Insti¬ 
tute  under  DACA88-84-M-0157,  SWRI  Project  Number  06^7933.  The  OCE  Technical 
Monitor  was  Mr.  R.  Wight;  DAEN-ECE-T. 

Dr.  A.  Kao  was  the  USA-CERL  Principal  Investigator.  Dr.  R.  Quattrone  is  Chief  of 
USA-CERL-EM.  COL  Paul  J.  Theuer  is  Commander  and  Director  of  USA-CERL,  and  Dr. 
L.  R.  Shaffer  is  Technical  Director. 
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LITERATURE  SURVEY  OF  UNDERGROUND  CONSTRUC  'ON  METHODS 
FOR  APPLICATION  TO  HARDENED  FACILITIES 


1  INTRODUCTION 


Background 

Many  Department  of  Defense  hardened  structures  such  as  those  found  at  munitions 
storage  facilities  are  constructed  aboveground,  some  with  earth  cover.  An  example  of 
such  a  structure  is  the  standard  storage  igloo.  These  facilities  are  often  quite  old,  and 
the  set  of  requirements  on  which  they  were  designed  and  built  differ  from  those 
considered  important  today.  These  facilities  were  based  mainly  on  safety,  with  less 
attention  given  to  security,  survivability,  and  operational  and  environmental 
considerations. 

In  Europe,  where  security  and  survivability  are  important  in  facility  design  and 
construction,  many  NATO  military  facilities  are  built  either  underground  or  in  the  sides 
of  mountains.  Many  of  the  installations  are  tunneled  into  rock  in  the  mountainsides 
which  is  relatively  fault-free  and  is  not  prone  to  flooding  during  construction..  Often,  the 
rock  is  so  strong  that  the  tunnel  walls  do  not  have  to  be  lined.  i - j 

The  Scandinavian  countries  have  built  many  underground  or  motmtainside  structures 
for  civil  defense.  The  mountainous  terrain  provides  a  very  hardened  personnel  shelter 
compared  ^o  what  could  be  built  aboveground. 

In  the  United  States,  under  the  direction  of  the  Federal  Emergency  Management 
Agency,  much  work,  including  a  great  deal  by  the  Coips  of  Engineers,  has  been  done 
recently  to  design  underground  or  earth-covered  key  worker  shelters.  The  earth  covering 
provides  both  overpressure  hardening  and  radiation  and  thermal  protection. 

Several  options  are  available  for  hardened  facility  construction.  Typically, 
aboveground  structures  are  made  of  thick  reinforced  concrete  and  can  provide  only 
limited  protection.  The  structure  can  be  shallow-buried,  using  the  cut  end  cover 
construction  method.  This  removes  the  structure  from  the  surface,  so  it  is  not  directly 
exposed  to  threats;  however,  it  is  still  vulnerable  to  penetrating  weapons  and  bombs. 
Tunneling,  down  (shaft)  or  into  mountainsides  can  provide  a  very  safe  environment,  but 
multiple  entrances  must  be  provided.  Also,  the  local  geology  is  an  important  factor. 
Deep  excavation  ii^  another  option,  which  has  excellent  security  and  survivability 
potential,  but  which  requires  multiple  entrances.  Frt^lems  encountered  with  deep 
excavations  include  shoring,  water  table,  and  bedrock  level. 

Because  of  the  many  options  available  apd  the  nutnenm  design  and  emistruction 
decisions  they  present,  the  Army  needs  information  that  will  allow  these  various 
construction  methods  to  be  identified  and  compared. 


Objective 

The'  objective  of  this  study  was  to  obtain  information  on  the  costs,  energy 
considerations,  and  security/survivabiMty  potential  provided  by  current  underground 
construction  technology. 


Approach 

Computer  literature  searches  were  performed  to  obtain  information  on  underground 
buildings  and  construction  practices.  Current  procedures  and  problems  in  underground 
construction  were  evaluated  in  the  areas  of  cut  and  cover  methods,  deep  shafts, 
tunneling,  ground  water  control,  security  and  survivability,  costs,  and  energy  savings.  An 
example  facility  was  then  considered  for  various  forms  of  underground  construction  (cut 
and  cover,  deep  shaft,  and  tunneling)  to  illustrate  application  of  the  information 
obtained. 


Mode  of  Technology  Trtinsfer 

It  is  recommended  that  the  information  obtained  in  this  study  be  .  transferred 
through  an  Engineer  Technical  Letter. 


2  LITERATURE  REVIEW 


Ovei’view 

Useful  references  on  underground  construction  technology  were  identified  from 
journals  and  government  reports.  Report  subjects  included  methods  of  excavation, 
tunneling,  underground  structure  lining,  waterproofing  practices,  security,  survivability, 
and  cost  and  energy  considerations.  Much  of  the  literature  presented  application  of 
different  construction  methods  to  specific  structures,  such  as  civil  defense  shelters, 
subways,  tunnels,  schools,  and  libraries. 

The  papers  surveyed  discuss  underground  construction  methods  used  in  the  United 
States  and  11  other  countries.  Table  1  lists  the  reports  that  discuss  underground 
construction  in  foreign  countries.  Each  article  is  designated  by  country  and  reference 
number.  This  reference  number  corresponds  to  the  complete  list  of  references  found  in 
the  appendix. 

The  literature  collected  provides  an  overview  of  the  most  current  developments. 
Figure  1  shows  the  distribution  of  reports  by  year  published.  Clearly,  it  shows  that  the 
majority  of  reports  have  been  published  since  1977.  The  appendix  provides  a  more 
detailed  discussion  of  the  literature  review,  including  databases  searched,  keywords  used, 
and  journals  referenced. 


Underground  Construction  Methods 
Cut  and  Cover 

Cut  and  cover  is  the  most  commonly  used  underground,  construction  method.  This 
is  essentially  an  open  excavation  in  which  the. structure  is  supported  by  retaining  walls 
while  it  is  built  and  then  backfill  placed  above  the  complete  facility.  Rajagopalan 
provides  an  excellent  discussion  of  the  basis  for  designing  a  cut  and  cover  excavation 
119].*  His  paper  cities  extensive  use  of  the  cut  apd  cover  technique  for  underground 
railway  construction  in  India. 

Structures  buried  at  relatively  shallow  depths  are  generally  well  suited  for  cut  and 
cover  techniques,  offiring  a  .fairly  low-cost,  excavation  approach.  The  major  drawback  of 
cut  and  cover  methods  is  the  large  work  area  requir^.  When  construction  space  U 
limited,  as  is  often 
techniques  are  often 


the  case  in  congested  urban  areas,  less  disruptive  construction 
necesjary  [123].  The  designer  must  make  a  decision  based  not  only 
on  construction  costs,  but  also  on  the  relative  merits  of  other  types  of  construction,  such 
as  tunnei'ng,  which  nr  ay  greatly  reduce  surface  traffic  interfwence.  . 


permanent  structure 
construction  area. 


Conventionally!  braced  excavation  support  systems  eonsist  of  a  web  of  waters, 
rakers,,  posts,  and  lateral  support  lacing.  The  water  is  a  horizontal  member  used  to 
support  formwork  studs  and  a  raker  is  a  sloping  orace.  A  major  problem  with  this  system 
is  that  the  support  Structure  often  conflicts  with  the  excavation  and  placement  of  the 

Excavations  which  use  ticback  systems  do  not  conflict  with  the 
Reference  4  gives  a  review  of  eurrently  used  tieback  systems. 


Tiebacks  can  be  expensive  since  different  anchor  types  are  required  for  various  soil 


*Numbers  in  brackets  refer  to  references  listed  in  the  an;>endix. 


^able  1 


Country 

Foreign  Reports 

Report  Reference  No.* 

India 

10,  19,  34,  70 

England 

11,  53,  73,05,100 

Canada 

15,  16,  112 

Germany 

14,  17,  27,  28,  44, '59,  67,  8 

China 

99,  105,  ’24,  132 

25,  33,  126,  128 

USSR 

26,  72,  92,  101,  102 

Austria, 

27 

Norway 

58,  104 

Sweden 

69,  86 

Switzerland 

'  79 

Japan 

114,  125,  127,  138 

♦See  the  appendix. 

conditions.  Fop  a  given  site  with  varying  soil  conditions,  the  contractor  must  be  able  to 
produce  these  different  anchor  types  as  different  soil  conditions  are  encountered. 

Rock ,  anchors  typically  exhibit  a  high  capacity  for  load  and  are  used  both  as 
tiebacks  and  tiedowns  (to  resist  buoyancy).  These  are  especially  good  where  limiting 
long-term  creep  is  desirable.  The  high  capacity  is  an  important  consideration  when 
excavation  is  deep  and  high  water  table  pressures  will  be  encountered. 

Angered  earth  and  bell  anchors  are  the  most  common  anchors  used  for  cohesive 
soils.  They  are  generally  the  least  expensive,  but  require  considerable  redundancy  in 
design  due  to  a  number  of  unknown  factors.  Casing-type  anchors  are  used  in  both  loose 
and  dense  granular  materials. 

Not  all  excavation  support  walls  need  to  be  temporary.  A  common  technique  is  to 
use  the  excavation  support  structure  as  all  or  part  of  the  final  permanent  structural 
support  or  wall.  References  2  and  127  give  examples  of  this  use  of  excavation  support. 
Slurry  walls  or  secant  walls  are  often  used  for  this  purpose.  A  slurry  wall  is  constructed 
by  digging  a  trench,  while  keeping  it  full  with  a  dense  cementitious  liquid  (slurry)  that 
holds  the  sides  in  place.  When  the  desired  depth  is  reached,  tne  cast-in-place  waU  is 
poured  by  pumping  the  concrete  to  the  trench  bottom  which  forces  out  the  slurry.  A 
secant  wall  is  a  continuous  line  of  cast-in-place  concrete  piles.  Page  18  discusses 
construction  of  a  secant  pile  wall. 

Reference  2  provides  a  detailed  design  analysis  of  a  concrete  diaphragm  wall 
formed  by  turning  a  slurry  wall  trench  into  a  permanent  member  of  the  structure.  This 
reference  recommends  placing  precast  panels  in  a  slurry-constructed  trench.  Bentonite 
grout  provides  the  necessary  waterprooHng.  Bentonite  is  a  clay  with  a  high  absorption 
capacity,  because  it  can  expand  gpreatly  with  wetting. 

Most  large  underground  construction  projects  use  a  combination  of  support 
methods.  A  good  example  is  the  recent  construction  of  underground  railway  stations  in 
Japan  (125].  The  excavation  area  was  lai^e  and  deep  (230  m  long,  40  m  widie,  and  20  to 
33  m  deep).  Cut  and  cover  excavation  techniques  were  used  combined  with  cast-in-place 
diaphragm  slurry  walls,  cast-in-place  pile  walls  (staggered  secant  piles),  and  tieback 
anchors.' 

Reference  125  provides  a  good  discussion  of  the  reverse  construction  procedure, 
also  known  as  top-down  construction  (see  also  reference  127].  Typically,  this  consists  of 
the  top  roof  slab  being  constructed  first,  with  piles  or  caissons  constructed  below.  The 
subsequent  excavation  allows  construction  of  the  lower  floors.  As  is  typical  for 
nonstandard  underground  construction  techniques,  this  approach  is  generally  only  used 
when  it  is  desirable  to  minimize  area  disrv^tion.  A  unique  approach  to  this  top-down 
construction  is  pipe  jacking  [42|.  Pipe  jacking  is  when  large  diameter  pipes  are  driven  by 
jacks  horizontally  under  the  surface  that  is  to  be  left  undisturbed  (such  as  a  street).  The 
soil  is  removed  from  the  pipe.  The  pipes  then  have  reinforced  coimrete  placed  in  them  to 
form  the  roof  of  the  area  to  be  excavated  for  the  structure. 

Methods  for  providing  very  large  excavated  pits  for  deep  cut  and  cover 
construction  have  recently  received  much  attention.  This  is  a  direct  result  of  interest 
generated  during  the  late  1970s  in  concepts  for  buried  nuclear  power  plants  (IS,  18,  and 
124].  Reference  18  discusses  cut  and  cover  techniques  studied  f(^  plants  in  Germany. 
For  such  deep  excavated  pits,  Germany  has  generally  used  slurry  trenches  and  freezing 
techniques.  Waterproof  bentonite  or  ice  wails  have  already  been  built  to  (.eptt»  greater 
than  100  m  (18]. 


Much  information  can  be  obtained  from  case  studies  of  these  underground  power 
plant  construction  projects.  In  Reference  15,  a  tradeoff  study  was  performed  to 
determine  if  a  specific  underground  power  station  should  be  buried  in  a  deep  rock  cavern 
or  in  a  cut  and  cover  exacavation.  Scandinavian  countries  have  been  using  rock  caverns 
extensively  and  have  developed  design  and  construction  experience.  Near-surface  rock 
formations  are  common  in  this  region  and  are  ideally  suited  for  construction  of  large 
underground  caverns. 

In  addition  to  various  technical  aspects  of  excavation  and  construction  methods  for 
cut  and  cover,  Reference  16  presents  an  excellent  discussion  on  field  control  as  a  critical 
factor  in  underground  construction.  A  large  underground  hydropower  project  in  Canada 
was  designed  with  a  reduction  in  the  standard  conservatism  in  underground  construction 
based  on  a  commitment  to  increased  field  control.  One  interesting  example  of 
construction  savings  on  this  project  was  the  use  of  careful,  controlled  blasting  to  form 
rock  pillars  for  support  rather  than  forming  concrete  columns.  Reference  146  provides  a 
good  text  on  blasting  operations  in  excavation. 

One  factor  to  consider  in  cut  and  cover  construction  is  the  large  volume  of 
earthmoving  required.  Design  engineers  must  consider  hauling  procedures  when  choosing 
underground  construction  concepts.  Reference  135  discusses  large  wheel  loaders  and 
their  use  in  open  excavation  and  notes  some  recent  trends  in  efficient  earth-moving 
patterns. 

Deep  Shaft 

Deep  shaft  structur's  are  located  deep  within  the  earth  (>  50  ft  [15  m]).  Shafts 
sunk  into  the  ground  provide  access  and  ventilation  to  a  tunneled  or  excavated  space. 
Derricks  and  other  equipment  are  borrowed  from  the  oil  and  mining  Industries,  which 
make  frequent  use  of  shafting.  The  construction  of  deep  shafts  involves  a  production 
phase  and  a  support  phase. 

Production  Phase.  The  production  phase  Includes  dismembering  the  earth  and 
transporting  muck  out  of  the  hole.  Auger  drilling  is  the  most  economical  means  of 
creating  a  large- diameter  hole  In  soft  soils,  (up  to  200  ft  [60  m]  deep).  Rotary  drilling  is 
the  most  efficient  drilling  technique  for  deeper  holes  ^^ater  than  ISO  ft  [45  mj)  [9!. 
prill  and  blast  methods  are  used  for  rocky  ground. 

Removal  of  debris  is  generally  a  slower  process  than  boring  Or  blasting  and  so 
determines  the  rate  of  advance.  Drilling  mud  is  circulated  within  the  shaft  to  remove 
cutting  Recent  research  has  focused  on  creating  ehemical  additives  that  will  make  the 
circulating  fluid  more  viscous  to  better  adhere  to  cuttings,  yet  still  be  able  to  flow 
freely.  Air-assist  reverse  circulation  techniques  have  been  studied  to  increase  mucking 
rates  and  efficiency  [96|.  For  shafts  not  using  a  slurry  proeesSv  cranes  may  be  used  to 
remove  muek  up  to  a  depth  of  60  ft  (18  m)  [22],  while  an  alternative  method  of 
mechanical  hauling,  such  as  raise  boring,  must  be  used  for  greater  depths. 

Raise  boring  and  sitf  .tk  raising  are  recently  develt^ed  construction  techniques 
[97,16]  that  permit  a  shaft  to  be  dug  from  the  bottom  up.  A  pilot  hole  is  constructed 
hrst  to  provide  a  small  access  shaft  to  the  shaft  bottom.  In  rocky  ground,  an  upward 
excavation  is  then  made  by  percussion  drilling  and  blasting,  allowing  the  muck  to  fall  and 
accumulate  at  the  shaft  bottom.  The  muck  is  left  to  be  stooped  out  after  the 
excavation.  This  is  called  shrink  raising,  in  softer  soil,  raise  b^iig  proceeds  by 
assembling  a  cutting  head  at  the  base  of  the  shaft  mid  ba«^eafning  uparard.  Muck  lb 
removed  through  a  tunnel  at  the  base  of  the  shaft.  X 


Support  Phase.  A  lining  may  be  installed  for  ground  support  during  the  support 
phase  of  deep  shafting.  Steel,  ribbed  linings  are  used  in  temporary  shafts.  However, 
they  are  unsuitable  for  permanent  shafts  because  they  tend  to  be  expensive  and  easily 
damaged.  Unreinforced  concrete  linings  are  used  in  permanent  shafts.  In  lining  a  tunnel 
with  concrete,  the  shaft  walls  are  secured  with  rock  bolts  and  a  mesh  [49].  A  multi-deck 
scaffold  is  then  used  for  all  sinking,  lining,  and  formwork  handling  operations.  Formwork 
rings  on  the  scaffolding  are  progressively  lowered  into  position  bj  winches.  The  space 
between  the  forms  and  the  earth  is  then  filled  with  concrete  passed  down  from  the 
surface  through  flexible  hoses. 

Reference  9  gives  a  comprehensive  review  of  shafting  techniques,  equipment,  and 
costs.  This  paper  offers  a  fine  technical  discussion  of  the  many  considerations  of 
shafting,  with  an  emphasis  on  large-diameter  hole  drillii^.  Additional  papers  identified 
during  the  literature  search  on  deep  shaft  structures  include  a  report  of  a  1200-ft 
{360-m)-deep  repository  for  nuclear  wastes  [81i  and  a  hydroelectric  plant  in  Ontario  [15]. 

tunneling 

Tunneled  structures  can  be  constructed  either  as  Ranches  extending  from  a  deep 
shaft  (as  in  a  tunnel),  or  as  passages  to  an  excavated  space  within  a  hill  or  mountain. 
Tunnels  are  most  commonly  used  to  produce  transportation  routes' through  mountains  or 
under  bodies  of  water.  Because  the  equipment  used  is  very  capital-intensive  (a  boring 
machine,  for  example,  can  cost  millions  of  dollars),  tunneling  is  best  suited  for  long 
underground  passages.  Tunneling  is  also  characterized  by  a  production  phase  and  a 
support  phase. 

Production  Phase.  The  production  phase,  which  is  composed  of  earthbreaking  and 
mucking,  is  different  for  rock  conditions  than  for  soil  or  soft  ground.  In  ropk, 
earthbreaking  techniques  include  drilling  and  blasting,  continuous  drilling  and  blasting, 
boring,  reaming,  flame  jetting,  and  laser  cutting. 

Drilling  and  blasting  is  commonly  used  in  hard  rock.  This  is  done  by  a  jumbo,  which 
consists  of  a  number  of  drills,  or  drifters,  mounted  a  mobile  carriage  for  drilling 
tunnels  in  rock.  The  jumbo,  positioned  at  the  face  of  the  Umnel,  bores  a  large  number  of 
holes  (each  about  40  mm  diameter  by  4  m  deep)  with  a  rotary  drill  on  the  end  of  a 
boom.  The  holes  are  located  strategically  at  the  face  loaded  with  explosives,  and 
detonated  sequentially  to  create  both  a  passaf^e  with  a  mUdifium  ot  overbreak  and  debris 
small  enough  to  be  hauled  away  with  available  equi^aent  [OS].  Centroiled  blasting 
techniques  are  also  used  to  form  rock  into  structural  supports  in  underground  excavations 
[16]. 

A  continuous  drill  and  blast  technique  has  been  proposed  to  overcome  some  of  the 
slK^tcomings  of  conventional  dritl  and  bla.st,  such  as  a  sttft  ai^  stop  {uoduetion  phase 
and  the  pcmible  hazar<te  of  detonating  large  amounts  of  exf^eslvmi  [04]*  Using  a  shielded 
jumbo,  small  charges  are  placed  in  drilled  holes  and  fired  as  a  spiraled  cut  emitinually 
progresses  forward.  The  smaller  explosive  charge  pemsits  less  overtoeak  and  removes 
the  need  for  evacuating  personnel  during  blasting. 

Research  into  boring  techniques  continues  to  proihice  cutterheads  capable  of 
handling  harder  rock  (up  to  43,000  psi  [30.229  mlttlen  kg/m‘^  [30).  Among  the 
advantages  of  tunnel  boring  are  less  overtM’eak,  lovmr  wots  becknillng,  a  safer, 
more  continuous  operation  than  drilling  and  blasting.  BoHi^  is  Umited  by  excessively 
hard  veins  of  rock  or  large  boulders.  Reference  20  examples  cutting  ftmdammitaU  along 
with  the  capabilities  and  applicability  of  efurrently  mamrfaelused  borit^  macMncs. 


A  ream  concept  of  tunnel  excavation  [12]  considers  firing  10-lb  (4-kg)  concrete 
projectiles  at  the  tunnel  face  with  velocities  of  more  than  5000  ft/sec  (1500  m/sec). 
Thirty  times  the  weight  of  the  projectile  can  be  dislocated  from  the  face  with  each  shot 
(the  launcher  may  release  up  to  one  shot  per  minute).  While  Reference  12  cites  that 
potentially  more  rapid  and  less  expensive  earthbreaking  can  be  achieved  with  projectiles 
than  with  boring  techniques,  the  safety  of  a  launcher  capable  of  delivering  these  intense 
impacts  may  be  questionable  for  use  commercially. 

Flame  jetting  and  laser  cutting  are  proposed  methods  of  breaking  rock  by  means  of 
thermally  induced  stresses.  Flame-jet  tunneling  [35]  uses  torch-like  burners  to  cause 
rock  spalling.  Potential  environmental  hazards  may  evolve  from  using  this  approach 
(intense  heat  and  fumes,  noise,  dust,  etc.).  Rock  failure  caused  by  laser  radiation  has 
also  been  studied  [24],  but  holds  little  promise  for  use  in  earthbreaking  because  of  the 
excessive  amounts  of  laser  energy  required  to  dislodge  the  rock.  However,  lasers  have 
been  used  in  tunneling  to  guide  boring  machines.  Laser-directed  equipment  has  produced 
accurately  driven  tunnels  and  eliminated  the  need  for  many  manual  surveying  practices. 

Soft-ground  tunneling  methods  are  used  for  soils  of  gravel,  sand,  salt,  and  clay. 
Shield  tunneling,  blade-shield  tunneling,  and  pipe  jacking  are  alternative  excavation 
techniques  for  these  conditions.  Shield  tunneling  [20]  advances  as  a  tubular  shell,  as  the 
face  of  the  tunnel  is  thrust  forward  with  hydraulic  cylinders.  Muck  pushed  into  the  shield 
is  then  mechanically  broken  up  and  removed  under  the  shield's  protection.  Hard  rocks 
and  boulders  impede  the  progress  of  shield-driven  tunnels.  A  recently  developed 
variation  of  shield  tunneling  [28]  is  blade-shield  tunneling.  The  blade  shield  consists  of  an 
array  of  cutting  blades,  each  having  a  heading  cylinder.  Leading  blades  slicing  into  the 
earth  are  hinged  to  trailing  blades  which  protect  the  supported  tunnel  until  a  liner  can  be 
placfed. 

Pipe  jacking  has  been  used  in  China  [33]  to  construct  a  102-in.  (2591-mm)-diameter 
tunnel  more  than  1900  ft  (510  m)  long.  In  this  example,  a  steel  pipe  (102-in.  [2591-mmJ- 
diameter)  was  shoved  through  the  ground  by  hydrauMc  jacks  grouped  into  stations  Spaced 
along  the  length  of  the  pipe.  A  bentonite  slurry  was  injected  for  lubrication  at  points 
along  the  pipe.  Muck  was  removed  by  manually  spraying  the  tunnel  face  with  water  jets; 
since  the  ground,  was  sand  and  clay,  a  slurry  was  formed  which  pumps  then  ca.  'ed  to  the 
surface  for  disposal. 

Another  aspect  of  the  production  phase  is  mucking,  or  the  removal  of  the  bulk 
generated  by  earthbreaking.  In  both  rock  and  soft  ground  tunneling,  "...muck  haulage  is^ 
the  weak  link  in  today's  high-speed  tunneling  systems"  [22],  because  earthbreaking 
techniques  can  generate  cuttings  faster  than  they  can  be  removed.  Research  in  mucking 
techniques  has  concentrated  on  systems  that  can  remove  cuttings  quickly,  yet  minimize 
interference  with  support  functions  (e.g.,  lining  installation),  ttiere  are  ttwee  principal 
methods  of  mucking  in  tunnels;  (1)  using  train  cars,  (2)  creating  a  muqk  slurry,  or  (3) 
using  belt  conveyors.  While  belt  conveyors  can  moi/e  material  more  quickly  than  train 
cars  over  a  short  distance,  rail  haulage  has  the  following  advantages;  (1)  the  system  is 
developed,  (2)  California  switches  allow  continuous  extension,  and  (3)  it  is  generally  more 
economical  than  conveyors  or  hydraulic  pumping  due  toi  its  flexible  haulage  rate  [221. 

.  Support  Phase.  The  support  phase  of  tunneling  is  the  installation  of  ft  liner  for 
ground  support.  Several  alternative  lining  methods  have  been  applied  in  tunnels, 
including  rock  bolts,  slipforms,  steel  liners,  precast  concrete  linings,  and  shetcrete. 

in  rock  conditions,  steel  rock  bolts  of  about  l-in*  (2S.4*mm)  diameter  by,  3*ft 
(l.S-m)  long  are  driven  into  the  walls  of  an  underground  space  t©  provide  support.  The 


bolts  are  inserted  into  holes  dnlled  by  jumbos,  and  apply  a  restraininff  stress  to  the  rock 
as  the  bolt  nut  is  tightened  against  a  washer  and  the  face  of  the  rock.  Two  types  of  rock 
bolts  are  available.  A  split  rod  type  with  a  steel  wedge  acts  to  expand  and  press  the  bole 
against  the  sides  of  the  hole  as  it  is  inserted;  a  second  type  has  a  shell  at  the  end  of  the 
bolt  that  expands  and  grips  the  inside  of  the  hole  when  the  bolt  is  turned.  Rock  bolts  are 
spaced  every  few  feet  and  often  support  a  wire  mesh  pressed  up  against  the  surface  to 
screen  loose  rocks  [22}. 

Slipforming  in  the  placement  of  concrete  liner  is  done  with  a  portable  formwork 
operating  on  a  shutter  principle  [49].  Multiple  collapsible  forms  on  the  slipforming 
machine  alternately  open  to  create  a  space  against  the  tunnel  wall  into  which  concrete  is 
poured  and  then  close  to  permit  the  machine  to  travel  forward. 

Steel  liners  are  built  by  welding  steel  plates  about  1-in.  (25.4-mm)  thick  together. 
However,  the  liners  often  have  oxidation  problems  and  require  the  costly  services  of 
skilled  welders  [45]. 

Precast  concrete  segments  have  been  successfully  used  as  a  tunnel  lining  [50].  Cast 
in  several  different  shapes,  the  segments  are  held  together  with  wooden  dowels  to  form  a 
ring.  Thousands  of  these  rings  may  support  the  tunnel. 

Shotcrete,  or  sprayed  concrete,  has  been  used  extensively  in  underground 
construction.  It  eliminates  the  need  for  formwork,  binds  to  any  surface,  sets  quickly,  and 
can  be  used  ih  a  variety  of  structures  [70],  The  mortar  is  easily  piped  to  the  point  of 
application  with  light,  convenient  equipment.  Its  drawbacks  are  that  it  has  a  higher  unit- 
for-unit  cost  than  normal  concrete,  requires  skilled  personnel,  and  leaves  an  uneven 
finish.  There  are  two  ways  to  apply  shotcrete.  With  a  dry  mix,  a  dry  mortar  is  fed  to  a 
nozzle  where  water  is  added;  the  mixture  is  then  sprayed  on  the  tunnel  surface.  In  the 
wet  mix  method,  a  ready-mixed  shotcrete  is  forced  through  a  hose  with  compressed  air 
to  the  nozzle  where  air  jets  from  a  separate  hose  dispense  the  shotcrete  as  a  spray.  The 
wet  mix  is  a  more  recent  innovation,  offering  a  more  controlled  water/cement  ratio  and 
less  of  a  dust  problem  than  dry  mix.  A  tunneling  constructioa  technique,  commonly 
referred  to  as  the  New  Austrian  Method,  sprays  about  4  in.  (101.6  mm)  of  shotcrete  to 
rock-bolted  tunnel  walls.  The  shotcrete  fills  surface  irregularities  and  hardens  to 
become  an  integrated  part  of  the  rock. 

Deep  caverns' are  built  using  methods  of'  deep  shaft  construction  and  tunneling, 
often  in  conjunction  with  controlled  blasting  and  drilling.  Deep  rock  caverns  will  not 
require  excessive  reinforced  concrete  structural  strength  to  resist  the  large  hydros^tic 
pressures  associated  with  buried  structures  cut  and  covered  in  deep  excavated  pits; 
however,  it  is  costly  to  generate  access  to  them  [15]. 

State-of-the-Art  Reviews 

Two  recent  state-of-the-art  papers,  on  tunneling  give  a  more  detailed  picture  of 
construction  techniques.  Reference  22  describes,  in  detail,  the  production  and  support 
techniques  currently  used,  ground  control  methods,  and  safety  and  cost  considerations. 
The  paper  draws  largely  from  inspections  of  recent  timneiing  projects  and  interviews 
with  experts  in  the  field. 

Reference  10  examines  soft-ground  tunneting.  There  i»  some  discussion  of  ground 
stabilization  techniques  and  equipment^  but  the  emphasis  of  the  paper  is  on  the  design  of 
flexible  and  rigid  tunnel  linings.  The  report  states  that  the  grentsat  difficulties  In  soft- 
ground  tunneling  arise  from  the  presence  of  ground  water  in  pervious  zones  or  an 
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overabundance  of  large  boulders.  Cost  overruns  which  result  because  the  seveiity  of 
these  conditions  is  underestimated  may  be  reduced  by  thoroughly  assessing  subsurface 
conditions  before  bidding. 

Other  papers  on  tunneled  structures  include  applications  to  deeply  based  missile 
systems  [36,37]  and  subways  in  urban  areas  [38]. 

Ground  Water  Control 

Various  methods  are  available  to  control  ground  water  during  construction  of 
underground  facilities  and  to  control  its  seepage  into  the  completed  structure. 

Ground  Water  Control  During  Construction.  Underground  construction  below  or 
near  the  water  level  is  possible  when  ground  water  near  the  site  is  altered.  This  dan  be 
done  by  wellpoints,  deep  wells,  chemical  stabilizers,  ground  freezing,  pile  or  sheet 
driving,  and  other  methods. 

Wellpoints,  An  effective  way  to  avoid  ground  water  problems  during  construction 
is  to  lower  the  water  table  to  a  depth  at  which  it  does  not  interfere  with  work. 
Wellpointing  is  common  and  can  effectively  lower  the  water  table  up  to  about  18  ft 
(5.4  m)  below  ground  level.  It  works  best  in  sandy  soil,  but  is  least  effective  in  fine¬ 
grained  soils  of  low  permeability  [22].  Wellpoints  are  usually  jetted  into  position  by  a 
high-capacity  pump;  predrilling  is  sometimes  needed  when  rock  or  gravel  makes  jetting 
unsuccessful  [71],  Water  is  removed  from  an  individual  wellpoint  by  a  vacuum-cen¬ 
trifugal  pump  through  a  vertical  riser.  The  water  table  is  drawn  down  locally  as  an 
inverted  cone  around  each  wellpoint.  An  array  of  wellpoints  is  located  around  the 
construction  site.  This  allows  the  water  table  to  be  lowered  over  a  large  area. 

Use  of  wellfioints  with  a  vaccu'm-centrifugal  pump  will  not  substantially  lower  the 
water  table;  it  is  thus  acceptable  only  for  shallow  excavations.  Dewatering  to  deeper 
levels  can  be  done  by  an  ejector-pump  or  by  eductor  wellpoint  systems  based  on  venturi- 
type  flow.  This  type  of  system  can  remove  water  to  depths  of  100  ft  (30  m),  but 
equipment  and  power  costs  are  high  [22].  Also,  wellpoints  may  remove  fine  particles 
from  the  soil;  causing  settlement  problems. 

Deep  Wells.  Deep  wells  are  deeper  and  larger  than  individual  wellpoints.  Surface 
vertical  turbine  pumps  or  submersible  pumps  are  used  to  draw  down  water  over  a  large 
area.  The  same  inverted .  cone  shape  as  that  6f  a  wellpoint  is  established,  but  is  much 
larger..  Because  of  cost,  the  number  of  deep  wells  is  usually  minimized,  since  an 
individual  deep  well  is  much  more  expensive  than  a  wellpoint  [22].  Deep  wells  are  not 
effective  in  stratified  or  impermeable  soils.  As  with  wellpoints,  deep  wells  can  cause 
ground  settlement  problems  due  to  the  removal  of  fines  in  the  soil. 

Chemical  Stabilizers.  Use  of  chemical  stabilizers  or  grouting  is  common  for 
stabilizing  the  soil  mass,  preventing  water  inflow,  and  providing  increased  soil 
compressive  strength.  With  chemical  stabilization,  the  grouting  fluid  is  pressure-injected 
into  the  soil  where  it  sets  or  gels  to  seal  voids  and  reduce  permeability.  Chemical 
stabilization  of  soil  was  used  as  early  as  the  ld20s  in  the  Joosten  Process  for  water 
control. 

Two  types  of  grouts  are  available:  suspension  grouts  and  solution  grouts  (also 
called  chemical  grouts).  Suspension  grouts,  which  provide  for  suspension  of  materials  in 
water,  normally  contain  Portland  cement  as  the  setting  agent  and  bentonite  to  provide 
stability  during  injections.  They  are  effective  only  fof  filling  voids  in  soil  that  are  about 


twice  the  suspended  particle  size  and  thus  are  effective  only  down  to  the  coarSe  sand 
range  of  soils  [71,22]^  For  additional  saturation  of  the  soil,  a  second  stage  of  injection 
with  a  solution  or  chemical  grout  is  commonly  used.  Solution  grouts  are  also  used  alone, 
but  are  more  Expensive  than  suspension  grouts  [71]. 

Solution  grouts  are  often  called  chemical  grouts  because  of  the  chemical  reaction 
which  occurs  between  two  or  more  constituents  to  form  a  gel.  The  fluid  viscosity  of  the 
chemical  grout  determines  how  well  it  will  penetrate  into  the  soil.  The  Joosten  Process 
i.5  a  form  of  chemical  grouting  and  involves  a  "two-shot"  process.  A  two-shot  process 
injects  a  primary  ingredient  into  the  soil,  followed  by  a  second  injection  of  a  gelling 
ingredient.  This  process  is  still  in  use.  today.  Recent  developments  include  single-shot 
chemical  stabilizers  which  gel  over  time. 

Stabilizing  grouts  are  injected  either  through  driven  lances  or  by  drilled  holes. 
.  Driven  lances  are  inexpensive,  but  are  limited  in  depth  (about  40  ft  [12  mj)  and  cannot  be 
used  around  obstructions  (71].  Frequently  used  in  drilled  holes  is  a  special  sleeved  and 
perforated  grout  tube  which  allows  placement  of  grout  at  specific  depths  without  loss  of 
material  back  into  the  tube  (called  the  tube-a-manchette  method  [136]).  Different 
grouts  can  be  used  in  the  same  system.  Major  pores  are  closed  by  first  injecting  lower- 
cost  suspension  grouts  followed  by  solution  grouts.  It  is  not  uncommon  for  soil  volumes 
as  large  as  2  million  cu  ft  (56  000  m^)  to  be  treated  for  construction  [103].  Grouting 
tubes  are  typically  spaced  about  3  ft  (0.3  m)  apart,  -but  this  varies  based  on  soil 
conditions. 

Grout  placement  in  rock  is  described  in  Reference  103  for  tunneling  projects  in 
Scandinavia. 

Ground  Freezing,  Control  of  ground  water  by  means  of  ground  freezing  has  proved 
to  be  an  effective  and  successful  method  for  many  constriction  projects.  Ground 
freezing  is  expensive,  but  recent  improvements  ip  equipment  and  techniques  have  made 
it  competitive  with  other  methods,  particularly  for  short-term  projects  where  the  ground 
freezing  time  is  minimized  [103,137].  Ground  freezing  has  appiicttions  in  ail  forms  of 
underground  excavations,  including  open-cut  excavations  and  tunneling. 

The  ground  freezing,  method  uses  refrigeration  to  freeze  ground  water  in  the  area 
of  excavation  so  that  work  can  proceed  in  a  water-tight  barrier.  Evaluating  use  of 
ground  freezing  depends  on  many  factors,  including  site  conditions,  soil  characteristics, 
ground  water  content  and  flow,  the  contractor's  experience  with  the  method,  and,  most 
importantly,  cost  tradeoffs  with  other  methods.  Two  methods  are  used  for  ground 
freezing.  The  most  common  is  the  use  of  a  brine  (salt  solution)  refrigerant  system.  The 
other  method,  which  has  had  increasing  application,  is  the  use  of  liquid  nitrogen  (LN2). 

References  138  and  139  describe  a  typical  brine  refrigerant  system,  which  Includes 
a  refrigeration  plant,  surface  piping,  refrigerator  piping  in  the  ground,  ai^  temperature- 
monitoring  instrumentation.  The  refrigeration  plant  cools  and  delivers  the  cold  brine  to 
the  piping  network.  Modem  refrigeration  plants  are  built  as  trailers  aiul  are  mobile  for 
transport  to  the  job  site.  This  limits  the  size  or  capacity  of  the  units  to  about  500  tons 
(453.5  tonnes)  of  refrigeration  (TR)|  thus,  multiple,  smaller  units  are  typically  used  [139], 
The  cooled  brine  is  distributed  to  the  refrigeration  pipes  by  an  insulated  surface  piping 
system.  The  refrigeration  ,  pipes  are  placed  after  drilling  in  the  desired  loations.  These 
pipes  are  closed-ended  and  allow  for  circulation  of  the  brine  solution.  Placement  of  the 
refrigeration  pipes  requires  accurate  drilling.  Reference  139  notes  that  the  required 
accurate  drilling  and  placement  of  pipes  usually  represents  ti»  largest  cost  for  grotmd 
freezing  systems.  , 
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Placement  of  LN2  for  ground  freezing  has  several  operational  advantages  over 
brine  systems  [I4ll.  However,  cost  is  often  the  deciding  selection  factor.  The  liquid 
nitrogen  is  purchased  from  suppliers  and  can  be  stored  in  on-site  tanks  or  delivered  to  the 
job  site  by  tank  truck  for  smaller  jobs.  The  refrigerant  is  supplied  to  freeze  pipes  by 
surface-insulated  pipes.  Freeze  pipe  systems,  which  are  described  in  Reference  140, 
typically  include  concentric  pipes  with  down  pipe  and  riser  systems  for  return  flow, 
although  some  concepts  allow  for  the  LN^  to  be  released  directly  to  the  soil.  References 
140  and  141  compare  the  advantages  and  disadvantages  of  the  LN2  system  to  those  of  the 
brine  system. 

Pile  and  Sheet  Driving.  Water  may  also  be  restricted  from  the  construction  site  by 
installing  an  impermeable  underground  wall  around  the  excavation.  The  barrier  dams  off 
circulation  of  underground  water  and  permits  construction  below  the  water  table. 

Temporary  steel-sheet  piles  which  have  been  used  for  this  purpose  are  being 
replaced  by  concrete  diaphragm  walls  that  are  frequently  made  a  part  of  the  permanent 
structure.  Three  types  of  concrete  walls  are  used;  cast-in-place,  prefabricated,  and 
secant  pile  walls  (103]i. 

Cast-in-place  or  cast-in-situ  walls  are  built  by  digging  a  bentonite,  slurry-stabilized 
trench.  A  cage  of  steel  rebar  is  lowered  into  the  trench.  The  slurry  is  then  displaced  as 
concrete  is  tremied  into  the  bottom  of  the  trench.  The  trench  is  completely  filled  with 
concrete  and  allowed  to  cure.  The  resulting  wall  then  restricts  water  flow  and  thus 
controls  ground  water  during  construction. 

Prefabricated,  reinforced,  concrete  panels  are  cast  before  being  placed  in  a  slurry- 
stabilized  trench  to  create  a  wall.  A  bentonite-cement  mixture  is  added  to  the  slurry  to 
act  as  a  grout,  which  hardens  to.  seal  the  separations  between  the  prefabricated  panels. 
Prefabricated  walls  have  better  finished  surfaces,  higher  quality  control,  and  can  take  on 
a  greater  variety  of  shapes  than  the  cast-in-place  walls.  However,  , they  are  about  20  to 
30  percent  more  expensive. 

A  secant  pile  wal’  is  a  line  of  bored,  east-in-place  concrete  piles,  intersecting  each 
other  to  form  a  continuous  wall.  A  Benoto  rig  is  a  piling  rig  often  used  to  construct  the 
piles  by  driving  a  special  casing  into  the  ground  while  removing  soil  inside  the  casing  with 
a  mechanical  grab.  The  mechanical  grab  is  a  mechanical  clamp  bucket  similar  to  the 
dragline  which  goes  down  into  the  casing  and  lifts  out  the  soil.  The  piling  rigs  can  bore 
through  obstructions  and  secure  the  piles  into  bedrock.  Secant  pile  walls  cost  about  as 
much  as  cast-ln-plaee  walls. 

Other  Ground  Water  Control  Methods.  Alternative  methods  of  ground  water 
control  during  construction  include  compressed  air,  caissons,  and  electro-osmosis. 

Compressed  air  is  used  in  underground  construction  to  center  the  hydrostatic 
pressure  in  the  soil  and  so  retard  the  influx  of  ground  water.  Clay  is  an  Ideal  soil  for 
compressed-air  tunneling,  since  it  tends  to  dry  out  and  strengthen  [981. 

Due  to  the  relatively  high  cost  of  the  equipment  involved  (compressors,  air  locks, 
etc.)  and  the  hazards  to  workers,  compressed-air  methods  are  now  used  less  frequently. 
If  the  compressed  air  creates  a  direct  channel  through  the  soil  to  the  surface  in  a 
subaqueous  tunnel  (a  "blow”),  the  tunnel  may  flood.  Crews  working  under  high-pressure 
conditions  must  work  shorter  shifts  for  higher  wages  due  to  the  dangerous  work 
environment.  Reference  22  provides  details  on  the  operation  of  a  compressed-air  tunnel 
and  its  limitations. 


Caissons  are  traditionally  used  to  construct  piers  and  other  underwater  structures. 
Their  use  has  expanded  recently  tp  include  underground  construction  in  water-laden 
soils.  Large  pipes  and  tunnels  have  been  constructed  with  caissons  [13L  The  caisson  is  a 
waterproofed  shelter  that  is  lowered  down  around  the  excavation  site  as  the  hole 
deepens.  Compressed  air  in  the  qaisson  prevents  water  from  flowing  up  through  the  floor 
where  earth  is  removed. 

Electro-osmosis  increases  water  flow  to  wellpoints  [22],  Cathodes  are  installed  in 
the  wellpoints  in  a  sandwick.  A  sandwick  is  when  a  hole  is  drilled  and  filled  with  sand. 
This  sand  column  allows  water  to  percolate  into  and  up  the  sand  without  pressure  building 
up.  Steel  pipes,  acting  as  anodes,  are  driven  into  the  ground  on  10-  to  20-ft  (3-  to  6-m) 
centers.  When  the  electrodes  are  charged  with  a  current  of  10  to  30  A  at  100  V,  water 
will  flow  from  the  anodes  to  the  cathodes.  .Although  this  method  provides  effective  sta¬ 
bilization  of  fine-grained  soils  (silt  or  clay),  it  is  not  widely  used. 

Choice  of  System.  The  choice  of  a  system  for  ground  water  control  during 
construction  depends  on  the  type  of  construction,  water  levels,  soil  type,  and  special 
requirements.  The  type  of  construction  (shallow  excavation,,  deep  excavation,  deep 
shaft,  or  tunneling)  is  important,  but  beyond  this,  the  depth  of  the  excavation  and  the 
area  of  coverage  are  key  considerations.  The  entire  area  of  the  structure,  plus  additional 
area  for  operations  and  f,;r1e  wail  stability,  will  typically  be  exposed  during  excavation  for 
construction.  Thus,  this  entire  area  will  require  ground  water  control  at  one  time.  On 
the  other  hand,  tunneling  can  use  segmented  construction  with  sequential  water  control 
as  the  work  progresses.  Reference  102  describes  how  the  sinking  of  deep  shafts  (800  m) 
under  unfavorable  water  conditions  in  clay  soil  and  flowing  soil  (quicksand)  is  done  by 
ground  freezing. 

Selecting  the  appropriate  means  of  water  control  requires  a  detailed  knowledge  of 
the  site's  geology.  This  includes  information  on  soil  type,  how  it  varies  with  depth,  level 
of  the  ground  water,  whether  the  soil  is  stratified,  soil  permeability,  and  range  of 
particle  sizes.  A  detailed  study  of  the  site  by  boreiwle  samples  is  required  to  depths 
below  thait  of  the  excavation.  Adequate  numbers  of  samples  should  bd  collected  to 
describe  the  site  geology  in  detail. 

Special  requirements  may  govern  the  choice  of  ground  watet  control  during 
construction.  The  use  of  wellpoints  or  deep  wells  can  cause  settlement  in  the  area  if 
fines  are  removed  or  if  the  soil  is  a  type’ that  shrinks  when  dewatered.  In  some  built-up 
areas,  dewatering  is  prohibited  in  order  to  avoid  settlement  of  ground  water  (221,  and 
other  options  must  be  used.  Long  tunnels  which  cross  ground  water  flows  can  act  as  a 
dam,  raising  the  water  level  on  the  upstream  side  and  lowering  it  on  the  downstream' 
side.  This  can  cause  problems  such  as  basement  flooding  or  reduction  of  well  levels. 
Such  a  problem  was  encountered  during  construction  of  the  Konig-Heinrich-Piatz  metro 
station  at  Duisberg,  West  Germany.  The  solution,  dMoribed  in  Reference  lOS,  was  a 
diaphragm  wall  with  gaps  which  was  sealed  by  freezing  during  construction.  After 
construction,  the  ground  water  was  able  to  flow  again  through  the  gaps.  The  gap 
freezing  was  combined  with  sequenced  construction  to  allow  grouml  water  flow  during 
construction.  ■ 

Often,  one  method,  of  ground  water  control  is  not  sufficient.  Combinations  of 
several  methods  are  often  used  in  a  single  project  because  of  varying  soil  properties  and 
depth  of  excavation  around  the  construction  area*  Reference  138  describes  such  a 
situation,  where,  cast-in-place  concrete  diaphragm  walls  were  used  in  vertical  shafts, 
along  with  chemical  grouting  followed  by  the  use  of  ground  freezing  during  tunneling 
between  the  vertical  shafts.  . 
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Reference  22  compares  methods  for  stabilizing  and  dewatering  various  types  of 
soils  (see  Figure  2). 

Pertinent  References.  Numerous  references  were  collected  which  address  the  con¬ 
trol  of  ground  water  during  construction.  Refere.ice^  22»  103,  71,  and  136  provide  details 
on  methods  and  applications  of  wellpoints,  deep  wells,  and  chemical  stabilizers.  The 
topic  of  ground  freezing  is  extensively  covered  in  Reference  99.  References  103  and  69 
provide  information  on  pile  and  sheet  driving.  These  references  provide  more  detailed 
information  on  ground  water  control  during  construction. 

Waterproofing  of  Structures.  Reference  74  contains  a  complete  and  organized 
discussion  of  waterproofing  underground  concrete  structures. 

The  surfaces  of  underground  structures  are  often  exposed  to  ground  water  at  high 
hydrostatic  pressure.  "Waterproofing”  is  any  method  of  making  concrete  in  underground 
walls  less  permeable  to  the  inhux  of  ground  water. 
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The  permeability  of  concrete  is  an  experimentally  obtained  measure  of  how  freely 
water  can  flow  through  the  concrete  for  a  given  water  pressure  applied  .over  a  unit 
surface  area.  Three  principal  factors  influence  a  concrete  wall's  permeability;  (1) 
concrete  constituent  properties,  (2)  methods  of  concrete  preparation  and  application,  and 
(3)  subsequent  treatments  or  coatings. 

The  proportion  of  cement,  aggregate,  water,  and  admixtures  in  concrete  is  shown 
to  affect  permeability  [74].  Increasing  the  maximum  aggregate  size  or  the  water/cement 
ratio  will  increase  both  the  coefficient  of  permeability  and  leakage  rate  through  the 
concrete.  Admixtures  have  been  developed  that  create  water-repellent  linings  in  the 
pores  o  the  concrete  and  decrease  permeability.  Polymer-impregnated  concretes  are 
used  in  underground  structures  for  their  impermeability  and  resistance  to  freezing. 
Fiber-reinforced  concretes  ire  also  used  for  their  increased  strength. 

Improperly  installed  concrete  is  nrore  apt  to  crack  and  leak!.  Voids  from 
honeycombing  or  segregation  of  the  constituent  materials  may  also,  fncrease  leaking. 
Vibrating  the  concrete  during  placement  can  greatly  increase  the  waterproofing  level  of 
an  underground  structure. 

Asphalt  and  other  sealants  have  been  applied  to  the  surfaces  of  underground 
concrete  walls  [75].  The  coatings  may  be  applied  by  heating  the  asphalt  or  coal-tar  pitch 
to  350“F  (192. 5°C)  and  mopping  it  on  the  concrete  surfaces.  Several  coats  are  added. 
An  alternative  method  under  study  is  a  cold-applied  sealant  tha,t  is  sprayed  on  and  is 
much  easier  to  apply. 

Concrete  in  clay  soils  may  seal  naturally  when  clay  particles  present  in  infiltrating 
ground  water  plug  concrete  pores  (72]. 


Cost  Considerations 

Recent  publications  have  discussed  construction  factors  affecting  costs,  compared 
costs  between  construction  factors  and  methods,  and  offered  detailed,  cost  breakdowns 
and  estimating  procedures. 

Cost  Factors 

Many  factors  influence  a.  project's  final  cost.  Reference  29  points  out  that 
geotechnical  conditions,  the  tunnel's  size  and  depth,  the^  location  of  required  power 
sources,  and  the  availability  of  labor  and  materials  are  all  im{K>rtant  cost  factors  in 
tunnel  boring.  Labor  costs  will  tend  to  be  the  greatest  expense,  followed  by  material 
costs  and  equipment  depreciation. 

An  evaluation  of  a  nuclear  power  plant  concept  {79|  revealed  that,  locating  the 
.  facility  underground  with  a  cut  and  cover  technique  would  be  11  percent  more  expensive 
than  an  aboveground  plan.  The  increased  cost  was  SOI  attributed  to  direct  construction 
costs  being  70  percent  higher,  the  need  for  special  equipment  for  ventilation  and  other 
functions,  and  the  additional  time  required  to  build  the  underground  structure.  More 
costs  are  incurred  from  hardening  underground  tunnels  to  resist  blasts  or  seismic  loads. 
A  design  cost  study  (83]  estimates'  that  hardening  a  tunnel  to  resist  a  seismic  load  of  0.5 
g  would  increase  construction  costs  by  35  percent. 

Several  suggestions  have  been  proposed  to  decrease  expenses.  The  use  of  in¬ 
strumented  field  test  section  in  tunnel  support  has  shown  significant  Construction  savings 


in  riumepous  tunne'in?  projects  (54j-  A  clearer  understanding  of  the  ground  conditions 
provided  by  the  test  sections  helps  reduce  unexpected  problems.  Reference  SI  compares 
two  documented  case  histories  to  show  that  sponsors  of  underground  construction 
projects  may  reduce  final  costs  and  legal  expenses  by  sharing  the  inevitable  risks  of 
tunnel  construction  with  the  contractors.  Better  contracting  saves  time,  trouble,  and 
money. 

Cost  Comparisons 

Several  studies  have  compared  costs  among  various  construction  methods  and 
underground  designs.  Underground  or  earth-sheltered  buildings  show  more  economic 
promise  when  considered  over  the  entire  life  of  the  structure.  According  to  Reference 
90; 

Earth  sheltered  design,  like  any  other  approach,  is  cost, effective  only 
for  appropriate  conditions  of  site,  climate,  building  use,  program^  and 
economics.  Given  the  right  conditions,  however,  an  earth-sheltered 
design  will  substantially  reduce  operating,  maintenance,  and  repair 
and  replacement  costs  d  ‘ring  the  life  cycle  of  a  building  when 
compared  with  conventional  design,  while  increasing  initial 
construction  costs  very  litile,  if  at  all. 

New  construction  techniques  for  rigid,  impermeable  walls  have  been  compaired  iri  a 
study  of  subway  construction  costs  (88j.  Given  favorable  site  conditions,  a  tremie 
concrete  slurry  wall  or  a  precast  concrete  panel  slurry  wall  would' cost  c.<ily  about  90 
percent  as  much  as  a  conventional  cast-in-place  concrete  wall.  Underground  subway 
station  construction  costs  were  also  compared  to  show  that  an  underground  station  using 
a  tunneled  earth  excavation  technique  with  an  85-ft  (25.5-m)  overburden  would  cost 
about  25  percent  more  than  one  constructed  by  cut  and  cover  methods  with  a  20-ft  (6-m) 
earth  cover,  and  47  percent  more  than  a  cut  and  cover  station  with  a  6-ft  (1.8-m)  cover. 

Similar  comparisons  are  availabie  in  the  literature  for  three  areas  of  application: 
subways,  power  plants,  and  homes  or  large  buildings.  One  study  [89],  which  focuses  on 
the  expenditures  in  West  Germany  for  subways  over  the  past  few  years,  states  that  there 
.  is  little  current  cost  difference  between  open  cut,  shield  method,  and  the  New  Austrian 
Method  (also  known  as  Shotcrete  Method).  However,  in  soft,  water-bearing  ground, 
compressed-air,  shield-driven  tunneling  may  cost  two  or  three  times  as  much  as  the  cut 
and  cover  method. 

Reference  77  compares  the  costs  of  siting  a  nuclear  power  plant  underground.  The 
investigation  found  that  a  cut  and  cover  buried  facility  would  cost  14  to  25  percent  more 
and  a  mined  rock  plant  10  to  18  percent  more  than  a  surface  power  plant.  A  second 
report  [86]  states  that  costs  for  siting  a  nuclear  power  plant  underground  in  rock  are 
about  25  percent  more. 

Reference  80  examines  the  costs  of  underground  homes  and  large  public  buildings. 
Based  on  life-cycle  cost  figures  of  five  case  studies:  "It  does  appear  clear,  however,  that 
the  use  of  earth-sheltering  does  not  increase  construction  costs  in  any  notable  way,  and 
may  in  fact  represent  a  decrease  in  some  cases"  [80].  An  example  earth-sheltered  house 
is  cited  as  costing  28  percent  more  to  construct,  but  12  to  20  percent  less  to  own  and 
operate  over  the  30-year  life  of  the  home. 
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Detailed  Cost  Kstimates 


Several  reports  give  detailed  construction  cost  breakdowns  and  estimating 
procedures.  Reference  22  explains  tunneling  costs,  including  manpower  and  equipment 
allocations.  Detailed  cut  and  cover  excavation  costs  for  different  depths  and  soil 
conditions  are  presented  in  a  report  on  underground  naval  facilities  [78].  Reference  9 
gives  an  in-depth  review  of  tunnel  and  shafting  costs,  cost-estimating  procedures,  and 
data  for  use  in  underground  emplacement  of  nuclear  explosives.  References  22  and  78 
provide  factors  that  must  be  considered  in  cost  estimation.  Physical  factors  to  be 
considered  in  cos*  estimating  of  underground  construction  projects  aret  (1)  location  and 
accessibility,  (2)  geology  and  hydrology,  (3)  general  environment  (climate,  altitude),  and 
(4)  operational  requirements  including  intended  use,  operational  life,  general 
configuration  (number  of  tunnels,  shafts,  etc.),  depth  alignment  and  grade  requirements, 
and  environmental  control  requirements  (ground  water,  air  quality,  etc.). 


Security  and  Survivability 

One  benefit  of  locating  a  structure  underground  is  the  increased  protection 
provided  from  threats  of  force  as  compared  with  an  aboveground  siting.  This  has  been 
the  driving  consideration  behind  the  use  of  underground  construction  for  many  military 
facilities.  Threats  of  force  can  come  in  many  forms,  including,  but  not  limited  to,  the 
following: 

•  Terrorists  or  subversives 


•  Chemical-biological  weapons 

•  Air-delivered  munitions 


•  Artillery  fire 

•  Fuel-air  explosions 

•  Well-armed  military  troops. 


iVil 


Military  installations  are  not  the  only  facilities  that  have  used  undergroup 
construction  techniques  as  protection  from  these  threats.  Another  example  is  ci 
defense  shelters  to  protect  the  civilian  population  from  nuclear  and  conventioiji 
weapons  effects.  Nuclear  power  plants  have  also  recently  been  considered 
underground  siting.  Belowground  siting  provides  naeiear  power  plants  with  moji 
protection  from  terrorists  and  aircraft  impact  than  an  aboveground  facility  unless 
latter  is  substantially  hardened.  Reference  77  considered  in  detail  the  security  (an{t 
terrorist)  advantages  offered  by  belowground  siting  of  nuclear  power  plants. 
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The  various  threats  of  force  can  be  classified  into  two  groups:  threats  to  security 
and  threats  to  survivability.  "Security”  is  defined  here  as  protective  measures  taken  to 
minimize  loss  or  damage  of  material,  information,  and  personnel  located  within  a  facility 
due  to  terrorist  or  subversive  aictivity.  "Survivability"  is  defined  as  protection  provided 
against  acts  of  war,  including  attacks  with  nuclear,  chemical,  biological,  high-explosive 
or  fuel-air  explosive  weapons.  Aircraft  impact  could  fall  under  either  heading,  but  will 
be  considered  here  under  survivability  (this  could  include  a  military  aircraft  attack,  a 
terrorist  hijacking,  or  a  commercial  airliner  accident).  The  following  discussion  of  ea|ch 


threat  ii  limited  to  a  comparison  of  the  protection  provided  by  anderground  versus 
surface  construction  practices. 

Security 

Protection  of  a  facility  from  terrorist  or  subversive  groups  has  been  a  subject  of 
incioasing  concern.  Several  studies  have  been  performed  to  develop  means  of  providing 
increased  security  [.42,143,144].  Belowground  siting  is  often  considered  for  this 
purpose.  The  primary  consideration  in  selecting  security  measures,  including  choice  of 
siting,  is  the  magnitude  of  the  threat.  Security  threats  can  be  divided  into  three  levels 
based  on  the  tools  or  equipment  available  to  the  attacker.  The  lowest  threat  level  would 
be  a  saboteur/pilferer  equipped  with  hand  too's,  such  as  a  sledgehammer,  bolt  cutters,  or 
hand  drill,  or  small  electric-  or  gasoline-powered  tools  such  as  saws  or  drills,  included  in 
this  threat  would  also  be  equipment  such  as  that  used  by  rescue  squads  to  aid  trapped 
accident  victims.  The  second  level  of  threat  sophistication  would  include  use  of  items 
such  as  burning  bars,  cutting  torches,  and  bulk  explosives  (dynamite,  plastic  explosives, 
and  small,  linear-shaped  charges).  While  the  first  threat  level  would  include  single-shot 
rifles  and  pistols,  the  second  level  may  have  automatic  weapons  capable  of  firing 
sustained  bursts  at  the  target.  A  third  level  of  attack  could  include  tools/weapons  such 
as  heavy  linear-  or  point-shaped  charges  and  shoulder-fired  weapons  such  as  the  bazooka 
and  recoilless  rifle.  However,  this  third  threat  level  stops  short  of  the  amounts  of 
equipment  that  could  be  used  in  an  infantry  assault. 

The  first  level  of  threat  is  much  less  substantial  than  the  latter  two.  Protection 
can  be  provided  in  the  aboveground  facility  with  minimal  cost  impact.  The  increased 
costs  associated  with  belowground  construction  are  not  warranted.  The  remaining  two 
threat  levels  are  much  more  substantial,  with  the  third  level  being  the  most  severe.  In 
such  cases,  belowground  siting  can  provide  benefits  over  an  aboveground  structure  even 
if  the  aboveground  facility  is  substantially  "hardened”  to  provide  the  required  security 
level.  It  should  be  noted  that,  given  enough  time,  a  well-planned  and  well-equipped 
terrorist  force  can  eventually  penetrate  any  structure.  Consequently,  security 
requirements  are  usually  stated  in  terms  of  minimum  intrusion  denial  time  requirements 
for  a  given  level  of  terrorist  sophistication. 

Compared  to  an  aboveground  structure,  one  advantage  of  ah  underground  facility  is 
the  concealment  inherent  in  its  location.  Reference  77  describes  how  this  factor  works 
as  a  deterrent  by  making  it  more  difficult  to  plan  an  attack;  A  terrorist  giroup  must  be 
sophisticated  enough  to  have  access  to  facility  design  documents  in  brder  to  have 
sufficient  knowledge  of  the  physical  makeup  of  an  underground  structure. 

A  second  advantage  of  an  underground  facility  is  that  it  minimizes  attack  points. 
Unless  the  structure  ha<'  a  very  shallow  burial,  the  viable  attack  points  are  limited  to 
entryways  and  structure  penetration  points'  (for  ducts,  pipes,  wiring,  etc.).  The  more 
deeply  a  structure  is  buried,  the  more  this  is  true.  A  typical  aboveground  structure 
offers  access  through  roof  slabs  and  wall  .slabs  as  well  as  entryways  and  structure 
penetrations.  With  suitable  cost  increases,  it  is  possible  to  harden  an  aboveground 
facility  to  reduce  the  possibility  of  forced  entry  through  roof  and  wall  slabs.  Reference 
142  includes  an  in-depth  study  of  six  concepts  for  structures  to  meet  very  stringent 
security  requirements.  Both  aboveground  and  belowground  concepts  were  included.  The 
study  showed  that  substantial  hardening  of  the  aboveground  exterior  wall  and  roof  slabs 
was  required  to  provide  protection  equivalent  to  the  buried  concepts.  It  was  considered 
unrealistic  to  try  to  achieve  these  extreme  roof-  and  wall-hardening  levels.  Doing  so 
would  produce  a  massive  aboveground  structure  which  would  be  substantially  mounded 
with  earth  and,  for  ail  intents  and  purposes,  buried.  Use  of  very  thick  reinforced  SOI 


concrete  slabs  aboveground  does  not  provide  a  security  level  equivalent  to  a  deeply 
buried  structure  [142]. 

Comparing  the  vulnerability  of  entry  systems  to  terrorist  attacks'  also  favors 
underground  construction.  Unless 'specially  constructed  entry  corridors  are  provided, 
breaching  of  an  aboveground  building  entry  system  constitutes  entry  into  the  facility.  On 
the  other  hand,  the  nature  of  underground  structures  requires  entry  systems  which  run 
from  the  surface  down  to  the  facility.  If  the  surface  entryway  is  breached,  then  the 
terrorist  must  still  proceed  underground  to  the  facility  and  breach  a  second  entry  before 
the  security  of  the  building  is  compro.mised.  Reference  66  describes  the  security 
provided  by  such  long  entry  systems  to  underground  facilities.  Multiple  barriers  can  be 
placed  along  this  path  to  provide  increased  intrusion  prevention.  An  aboveground 
structure  can  have  an  entry  corridor  for  the  same  purpose.  However,  such  a  corridor 
would  be  vulnerable  to  attack  through  its  walls  or  roof,  and  hence  would  have  to  be 
substantially  hardened  to  be  an  effective  deterrent. 

Another  advantage  of  an  underground  facility  is  that  the  security  force  needed  to 
guard  the  facility  is  reduced.  Depending  on  the  type  of  facility,  such  as  a  weapons 
storage  facility,  the  cost  of  security  personnel  required  could  be  quite  high.  Thus,  the 
overall  cost  of  constructing  and  maintaining  an  underground  facility  could  be  lower  than 
that  of  an  aboveground  facility. 

*  final  advantage  of  underground  siting  for  security  purposes  is  capture  of 
intruders.  Because  the  likely  mode  of  entry  by  intruders' is  through  entryways,  the  threat 
becomes  localized  an^  easily  identifiable.  Providing  sufficient  physical  intrusion 
protection  in  entryways  to  give  security  forces  time  to  react  properly  will  yield  a  natural 
place  of  entrapment.  The  limited  entry  points  of  underground  siting  are  a  disadvantage; 
although  it  is  difficult  for  a  terrorist  group  to  enter  a  buried  facility,  it  does  become 
possible  for  them  to  r.-nder  a  facility  inoperable.  The  use  of  sufficient  high  explosives  at 
entryways  could  close  down  the  structure,  trapping  personnel  and  contents.  Earth- 
moving  equipment  would  be  needed  to  clear  the  obstruction,  and  rapid  deployment  or 
operations  by  the  facility  would  not  be  possible. 

Survivability 

Traditional  aboveground  construction  does  not  protect  from  substantial  threats  of 
force  such  as  nuclear  blast,  air-delivered  munitions,  artillery  fire,  or  Tuel-nir  explo¬ 
sions.  Even  survival  from  low  overpressures  (<  50  psi  (35  150  kg/ra^I  side-on,  long, 
— durationt  requires  very  substantial  hardening  of  aboveground  facilities,  as  does  survival 
of  direct  impact  by,  artillery,  aircraft,  or  air-delivered  munitions.  Much  higher  loads 
(>  50  psi  (35  150  kg/m^l,  long  duration)  are  easily  achieved  in  fuel-air  explosions  and,  to  a 
greater  degree,  i<i  nuclear  detonations  when  the  facility  is  c'ose  to  ground  zero. 
Pressures  on  the  order  of  300  psi  (210  900  kg/m^)  side-on  inside  the  cloud  are  not 
unusual.  The  cost-effectiveness  of  underground  construction  compared  to  aboveground 
construction  becomes  more  attractive  as  the  level  of  threat  increases.  • 

A  cost  comparison  analysis  was  made  using  a  variation  of  the  example  structure 
shown  in  Figure  3.  This  structure  is  170  ft  (51  m)  long  by  36  ft  (10.8  m)  wide,  and  10  bays 
long  by  two  bays  wide.  The  structure  is  one  level,  with  a  floor-to-roof  height  of  15  ft 
(4.5  m).  A  uniform  static  live  load  of  250  psi  (175  750  kg/m^)  was  applied  to  the  roof. 
Two  computer  programs  were  used:  one  to 'design  an  aboveground  structure  and  the 
other  for  a  belowground  structure  jl48|.  The  belowground  structure  used  was  a  cut  and 
cover  surface  flush  structure.  Input  for  these  programs  included  the  material  properties, 
design  specifications,  yield  size  of  the  bomb,  and  the  overpressure  produced  at  the 
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Figure  3.  Cost  vs.  ovefj^ressure  for  exampie  structures. 


building  location  as  a  result  of  the  bomb.  Cost  rates  for  material,  eqMipment,  and  labor 
were  obtained  from- the  1954  Means  Cix\strucUon  Cost  Oata.  The  eoncrete  strength  of 
4000  psi  (2.812  million  kg/m^)  and  the  steel  strength  of  60,000  psi  were  used  for  the 
analysis. 

The  output  included  detailed  specifications  of  the  s(ze  of  the  structutai  members 
(i.e.,  walls,  columns,  roof,  foundation,  etc.).  A  value  for  the  total  coiit  was  determined 
from  each  run  of  the  programs.  These  values  for  the  aboveground  and  belowground 
structure,  are  plotted  against  overpressure  in  Figure  3.  The  cost  for  the  aboveground  and 
belowground  structure  is  found  to  be  eguivalent  at  an  overpresumre  of  approximately  35 
psi  (24  60S  kg/m*).  The  a^veground  structure  is  more  economical  for  overpressure 
below  3S  psi  (24  60$  kg/m*),  while  the  belowground  is  economical  fm*  greater 
overpressure. 

Soil  overburden  mitigates  the  loads  delivered  to  a  structime  f^  exploaions  in  air. 
Nimlear  detonations,  fuel^air  expi^i^,  and  .  artillery  fire  art  typically  air  bursts  which 
generate  severe  shocks  to  the  atmosphere.  These  blast  waves  reflect  off  the  ground 
surface  and  drive  a  shock  wave  into  the  soil.  St^ks  attenuate  OKieh  more  quickly  in  soU 


than  in  air.  ThuS;  a  buried  structure  will  realize  a  lower  shock  strength  than  a  surface 
structure  the  same  distance  away  from  the  point  of  an  air  burst.  Similarly,  for  aircraft 
impact,  the  ground  attenuates  the  forciag  function  associated  with  the  crash.  Thus,  in 
these  cases,  underground  construction  provide."  increased  protection  with  increased  depth 
of  burial.  Of  course,  higher  costs  are  associated  with  increased  burial  depth. 

Air-delivered  weapons  that  can  penetrate  the  soil  are  another  threat  category, 
along  with  any  weapon  capable  of  burial  before  detonation.  Underground  explosions  near 
a  buried  structure  can  produce  effects  as  severe  as,  or  much  more  severe  (for  very  close 
or  in  contact)  that  an  air  blast  on  aboveground  structures.  The  structure  cannot  be 
protected  from  buried  explosions  until  it  is  located  deeper  than  the  weapon's  capability 
to  penetrate  soil,  which  increases  construction  cost.  For  air-delivered  bombs, 
penetration  depths  of  50  ft  (15  m)  are  not  unusual.  Use  of  a  burster  slab  at  the  ground 
surface  above  the  buried  structure  is  one  option.  The  slab  causes  the  weapon  to  operate 
prematurely  before  deep  burial  is  achieved.  However,  such  a  slab  must  cover  the  entire 
facility,  including  overlap,  to  account  for  the  bomb's  trajectory  angle.  Use  of  a  burster 
slab  also  increases  construction  costs. 

The  decision  of  whether  to  use  aboveground  hardened  construction  or  underground 
construction  (which  also  may  require  hardening  beyond  that  required  by  soil  overburden 
alone)  is  based  on  construction  cost  plus  other  considerations  such  as  effects  on 
operations,  life-cycle  costs,  and  security  requirements.  Reference  142' studied  this 
problem  extensively,  comparing  the  construction  costs  and  life-cycle  costs  of  above¬ 
ground  and  belowground  structures.  The  structures  were  subject  to  the  same  surviv¬ 
ability  requirements— t.e.,  that  the  structures  should  withstand  direct  impdct  by  a  500-j^ 
(200-kg)  air-delivered  bomb,  aircraft  impact  (8747),  and  about  a  50-psi  (35  150-kg/m^) 
long  duration,  side-on  overpressure.  The  aboveground  concepts  required  a  much  more 
substantial  and  costly  structure,  but  the  buried  concepts  had  greater  excavation  costs. 
The  siting  was  for  level  terrain  with  a  high  wat^  table  and  very  deep  (beyond 
construction  depths)  bedrock  similar  to  coastal  areas  around  Houston,  TX.  The  costs 
were  very  competitive  for  the  two  forms  of  construction  .[142].  For  lesser  threats,  it  is 
expected  that  aboveground  construction  would  result  in  lower  costs  to  provide  the  same 
level  of  survivability.  For  greater  threats  (e.g.,  close  to  a  nuclear  weapon  ground  zero), 
it  is  totally  infeasible  to  consider  aboveground  construction.  Reference  147  describes 
model  tests  on  buried  cylindrical  structures  representing  the  respo»ise  expected  when 
l^ated  near  ground  zero  of  a  nuclear  explosion. 

Chemical 'biological  weapons  survivability  is  beeomii^  a«  important  issue  on  many 
new  military  construction  projects.  Reference  142  provktes  a  detailed  description  of  the 
protective  measures  to  be  taken  in  facilities  deslgfwd  to  protect  against  chemical' 
biological  attack.  There  is  no  advantage  of  belowground  eonstraetion  for  this  threat; 
The  explosive  loads  associated  with  a  ehemienl^ielogicai  w^apm  (145)  are  minor 
compared  to  those  of  previously  mentioned  weapou.  Chemical-biological  weapons  will 
generally  be  used  with  other  explosive  weapons.  The  fmHUty  i^gn  challenge  then  is  one 
of  withstanding  the  blast  loads  of  other  weapons  without  ailowit^  ehemicmi-biological 
agents  to  enter  the  structure.  There  is  no  real  advantage  or  disadvantage  to  underground 
construction  for  a  chemical-biological  threat.  The  requirements  of  a  chemicai-biologicnl 
filtration  system  ate  the  same  for  above-  and  bolowgromid  faeiUties. 


Energy  Savings 

Recent  publications  pertaining  to  energy  considerations  for  earth-sheltered 
structures  have  (1)  discussed  factors  influencing,  energy  consumption,  (2)  given 
temperature  data  and  calculation  methods,  and  (3)  compared  energy  expenditures  for 
above-  and  belowground  buildings. 

Energy  Factors 

The  earth  surrounding  an  underground  structure  has  a  thermal  inertia  that  insulates 
the  building  and  dampens  thermal  loads  from  daily  and  seasonal  variations  in  air 
temperature.  The  ground  has  a  relatively  stable  temperature  near  the  comfort  range  of 
the  building.  Thus,  there  would  be  lower  required  heating  and  cooling  loads  than  with  a 
comparable  aboveground  structure. 

While  less  or  smaller  mechanical  equipment  is  needed  to  meet  the  energy  de^nands 
of  an  underground  building  (heaters,  air  conditioners,  etc.),  there  is  often  additional 
expense  for  ventilation  ductwork  [109,107].  Overall,  the  operating  costs  are  lower  and, 
when  life-cycle  costs  are  considered,  this  may  prove  a  strong  incentive  for  choosing  an 
underground  design. 

Energy  Details 

Reference  108  contains  data  on  monthly  weather  conditions  for  29,  locations 
throughout  the  United  States.  It  examines  the  climate  in  various  parts  of  the  country 
and  assesses  the  energy  effectiveness  of  earth-tempering.  Estimates  of  earth 
temperatures  as  a  function  of  depth,  season,  mean  annual  temperature,  etc.,  can  be 
found  using  an  equation  given  in  Reference  84. 

Energy  Comparisons 

The  cooling  costs  are  20  percent  leSs  for  the  Central  Library  in  Fort  Worth,  TX 
[106],  because  it  is  located  underground.  In  a  study  of  underground  homes  {8()1,  savings  in 
space  heating  paid  for  additional  construction  expenses  within  20  years.  The  underground 
houses  then  proved  more  economical  than  conventional  homes  over  a  30-year  life  cycle. 
Reference  80  also  cites  energy  savings  from  two  additional  underground  gildings:  a 
college  library  in  Minnesota  costs  28  to  44  percent  less  to  heat,  and  an  elementary  school 
in  Virginia  saves  49  percent  on  heating  and  cooling  e^ts. 

Energy  Comparisons  of  Construction  Methods 

An  investigation  of  alternative  methods  of  earthbreaking  [35]  compares  the  energy 
required  to  remove  1  eu  in.  (183.8  mra^)  of  rock: 

Earthbreaking  Method  Btus  Applied/ 

(Cutter)  eu  in  of  Rock  Removed 

Mechanical  Clipper  0.8  -  2.0  , 

,  Ultrasonics  0.055 

Flame  Jet  O.Ol 

Rock  Melting  0.004 
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A  description  of  earthbreaking  methods  is  as  follows: 

Mechnical  clipper— uses  drilling  and  shearing  techniques. 

Ultrasonic  cutting— uses  high  frequency  vibrations  to  dislodge  rock. 

Flame  jetting— a  fuel-air  mixture  is  combusted  through  a  nozzle  at  a 
sonic  or  supersonic  velocity.  Impingement  of  the  jet  on  a 
rock  surface  causes  erosion  and  sp"lling  with  thermally 
induced  expansions. 

Rock  melting— a  laboratory  technique  used  to  weaken  or  melt  rocks  with 
laser  heating. 
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3  EXAMPLE  ANALYSIS 


This  chapter  describes  an  example  facility  considered  for  underground  siting  and 
examines  its  possible  construction  with  the  various  methods  described  in  the  literature. 
The  methods  of  ground  water  control  that  can  be  implemented  are  considered,  as  well  as 
the  security  and  survivability  aspects  of  locating  the  facility  underground. 


Example  Selection 

Figure  4  illustrates  the  chosen  facility,  which  is  to  be  a  semi-hardened  communi¬ 
cation  center.  The  structure  is  170  ft  by  35  ft  by  15  ft  (51  m  by  10.8  m  by  4.5  m)  high. 
Access  by  truck  to  a  load  area  inside  the  facility  entrance  is  required.  Personnel  access 
is  also  provided.  The  structure  is  box  shaped  and  contains  25  office  stations  and  a 
mechanical  support  room.  An  alternate  emergency  exit,  sized  for  personnel  only,  is 
required,  and  is  to  be  located  away  from  the  primary  personnel  and  vehicle  entryways. 


Construction  Methods 

The  example  structure  is  examined  for  several  different  construction  techniques, 
including  aboveground  construction,  shallow  excavation,  deep  excavation,  deep  shaft,  and 
tunneling. 

Aboveground 

Siting  the  structure  aboveground  will  require  a  hardened  structural  design  of  thick, 
reinforced  concrete  walls  and  roof  slabs  if  the  facility  is  to  withstand  any  substantiad 
security  or  survivability  threat.  If  a  nuclear  exterior  threat  is  included,  overburden  will 
be  required  as  protection  from  radioactive  fallout.  Figure  5  illustrates  an  aboveground 
facility  concept  with  earth  surrounding. 

The  facility  is  likely  to  be  massive  due  to  the  weight  of  the  structure  plus  the 
overburden,  so  the  substructure  must  be  able  to  transfer  the  building  loads  to  the  ground 
without  excessive  settlements  or  subgrade  failure.  Settlement  is  a  major  concern  in 
areas  of  high  water  table  ahd  generally  poor  soil  conditions  of  low  compressive 
strength.  The  soil's  bearing  capacity  must  be  able  to  withstand  the  expected  building 
loads  to  prevent  shearing  failure. 

Bearing  capacity  can  be  increased  by  several  approaches,  including  the  use  of 
driven  friction  piles,  bell  piers,  extended  mat  foundation,  and  the  use  of  stabilicers. 
These  can  be  used  individually  or  combined,  depending  on  the  structure's  needs  and  the 
soil  properties.  Figure  6a  illustrate?  a  structure  built  over  soil  which  has  been 
chemically  treated  by  grout  material.  Figure  6b  shows  an  extended  mat  foundation  or 
skirt  which  spreads  the  structure  weight  over  a  larger  area.  Figure  6c  illustrates  the  use 
of  friction  piles,  to  prevent  settlement,  and  Figure  6d  shows  the  use  of  bell  piers. 

Security  and  survivability  of  the  aboveground  structure  are  limited.  The  facility 
can  be  entered  by  force  at  any  point  around  the  structure  if  the  intruders  are  well 
equipped!  there  is  no  single  weak  point.  This  type  of  aboveground  structure  could 
withstand  low  overpressure  threats  such  as  a  distant  nuclear  explosion  or  air-delivered 
bombs  or  artillery  which  does  not  maintain  a  direct  or  nearby  hit.  However,  protection 


Figure  4.  Example  stricture^ 


from  close-in  blast  effects  or  direct  impact  by  weapons  or  aircraft  is  very  hard  to 
provide.  .  , 

Operational  considerations  favor  an  aboveground  facility.  This  siting  easily 
provides  the  requirement  for  vehicle  access.  Personnel  entrances  are  convenient,  and 
emergency  exits  are  easily  satisfied.  Supply  and  return  air  is  accessible  for  the  facility, 
including  changing  air  that  contains  vehicle  exhaust. 

Shallow  Excavation 

A  shallow  excavation  for  a  facility  of  this  size  would  be  a  cut  and  cover  opera¬ 
tion.  Figure  7  shows  a  shallow  buried  concept  for  the  example  facility.  In  stable  soils 
with  a  low  water  table,  excavation  is  easy  because  ground  water  control  is  not  a  factor 
and  sidewalls  maintain  stability  without  collapse.  However,  in  areas  with  unstable  soils 
and  a  high  water  table,  methods  such  as  use  of  chemical  stabilizers,  wellpoints,  deep 
wells,  or  ground  freezing  must  be  used. 

Settlement  is  a  concern  in  areas  with  soils  of  low  bearing  capacity.  If  the  soil's 
ultimate  bearing  capacity  is  not  much  greater  than  the  expected  pressure,  the  applied 
loads  must  be  reduced  either  by  the  foundation  redesign  alternatives  described  in  Figure 
6  or  by  modifying  the  soil  by  injecting  soil  stabilizers.  For  a  high  water  table,  injection 
of  soil  stabilizers  serves  a  dual  purpose:  controlling  ground  water  and  increasing  soil 
bearing  capacity.  In  a  high  water  table  condition,  a  shallow  buried  concept  has  an 
advantage  over  an  aboveground  concept.  The  structure  can  "float"  by  means  of  weight 
compensation,  in  which  the  weight  of  the  excavated  soil  equals  the  weight  of  the 
structure  and  overburden.  When  this  condition  is  met,  the  soil  load  does  not  increase, 
settlement  is  minimized,  and  the  foundation  and  structure  are  considered  to  be  floating. 
In  practice,  an  exact  balance  is  not  likely  to  be  achieved;  thus,  the  use  of  friction  piles 
along  with  a  floating  structure  is  common. 

Security  for  a  shallow  buried  concept,  has  been  improved  only  slightly  over  that  of 
an  aboveground  siting.  The  side  and  near  walls  are  protected,  but  the  roof  slab  and 
entryways  are  weak  points.  Survivability  has  also  not  been  increased  significantly. 
Unless  very  substantial  hardening  is  provided,  the  structure  is  still  very  vulnerable  to 
high,  nuclear  overpressures,  direct  hits  ' by  munitions,  and  close-in  detonations  of 
munitions. 

Compared  with  an  aboveground  structure,  operational  considerations  are  very 
similar  for  a  shallow  buried  concept.  Vehicle  access  is  easily  provided,  along  with 
personnel  access  and  emergency  exits.  Supply  and  return  air  is  also  euily  accessible. 

Deep  Excavation  and  De<ep  Shaft 

Deep  burial  will  greatly  increase  the  structure's  survivability*  Depths  to  the  iraof 
slab  of  40  ft  (12  m)  or  more  provide  significant  hardening  against  the  posed  threats.  This 
type  of  burial  can  be  achieved  by  a  very  deep  cut  and  cover  operation.  A  structure  at 
this  depth  in  unstable  soils  may  require  a  deep  shaft  construction  operation  with 
excavation  at  the  shaft  bottom.  Figure  8  illustrates  a  deep  burial  concept. 

Ground  water  control  is  an  important  consideration  in  deep  buriaL  Wellpoints  are 
ineffective  because  of  the  depth  of  construction,  and  even  deep  wells  may  be  impractical 
or  expensive  due  to  the  need  for  close  spacing.  Chemical  grouting  and  ground  freezing 
methods  can  be  used.  For  shaft  construction,  ground  freezing  can  be  used  at  a  saturated 
layer  until  the  shaft  construction  and  lining  have  progressed  to  the  dry  gpround  below. 
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Figfure  7.  Shallow  excavation  for  example  facility. 


Figure  8,  Deep  shaft  stnicttves. 


Thus,  ground  freezing  does  not  have  to  be  in  place  during  the  entire  construction.  A 
combination  of  ground  water  con troi  methods  can  be  used  during  construction. 

Hydrostatic  pressures  can  be  critical  in  designing  structures  buried  at  depth  much 
below  the  ground  water  table.  Overall  hydrostatic  uplift  can  result  if  the  resultant 
buoyancy  force  is  greater  than  the  weight  of  the  structure.  For  massive  concrete 
structures,  this  is  generally  not  a  problem.  One  advantage  of  deep  burial  is  lighter 


construction  because  of  a  reduced  threat  of  force.  For  very  deep  structures  or  when  the 
surface  attack  threat  is  considered  to  be  minimal  (such  as  a  low  surface  overpressure), 
the  s.ructural  design  may  be  driven  by  the  siting  and  not  the  exterior  threat.  Both  a 
lighter  resulting  structure  and  hydrostatic  uplift  may  be  realized.  Use  of  an  extended 
mat  and  friction  piles  may  be  necessary  to  distribute  the  structure  weight.  Another 
concern  is  the  slabs'  ability  to  resist  the  bending  stresses  associated  with  hydrostatic 
uplift  pressure.  The  example  structure  does  not  have  long,  unsupported  spans,  so  this  is 
not  a  substantial  problem;  however,  other  concepts  may  encounter  this  difficulty.  A 
thick  slab  with  double  reinforcements  is  a  common  solution, , 

Operational  considerations  do  not  favor  a  deeply  buried  facility,  since  access  is 
difficult  for  both  vehicles  and  personnel,  and  a  lift  system  to  the  surface  is  required.  An 
aboveground  structure  is  provided  for  this  purpose  which  serves  as  a  loading  dock  for 
vehicles  and  for  personnel  entry.  If  vehicles  must  be  stored  in  the  structure,  the  lift 
must  be  sized  to  accommodate  their  size  and  weight.  However,  this  may  be  prohibitively 
expensive,  and  a  separate  tunnel  system  may  have  to  be  provided  from  the  surface  to 
allow  a  long  ramp  for  vehicular  traffic.  Emergency  exits  are  not  easily  provided.  One 
concept  would  provide  for  truck  access  by  ramp  tunnel  and  personnel  emergency  exit  by 
shaft.  Mechanical  ventilation  and  ventilation  of  vehicle  exhaust  present  operational 
problems  as  does  cooling  of  emergency  power  systems  located  in  the.  buried  structure. 

Security  from  terrorist  attack  is  excellent  for  such  a  structure.  The  only 
vulnerable  areas  are  the  entryway  and  mechanical  penetration  of  the  structure;  however, 
the  threat  is  localized  and  easily  identifiable.  One  security  drawback,  is  that  the 
structure  can  be  closed  down  easily.  Although  it  may  be  difficult  for  intruders  to  enter 
the  actual  facility,  it  could  be  rendered  inoperable  by  closing  the  entryways.  Bulk 
explosives  can  be  placed  to  collapse  entryways,  but  will  require  the  use  of  heavy 
construction  equipment  to  reopen  the  facility. 


Tunneling 


Tunneling  in  mountainsides  to  provide  facility  protection  (see  Figure  9)  is 
commonly  used,  particularly  in  Europe  and  the  Scandinavian  countries.  The  choice  of  a 
site  for  tunneling  is  important,  because  poor  geology  and  flood-prone  rock  will  escalate 
construction  costs.  The  length  of  the  tunnel  relates  directly  to  construction  cost  and 
techniques.  Short  tunnels  through  rock  will  typically  proceed  by  blasting  and 
excavation.  Very ^  long  tunnCls  and  tunnels  through  soft  .rock  or  soil  will  use  special 
machinery  which  is  not  cost-effective  for  short  tunnel  lengths.  The  example  facility  is 
not  large,  tind  its  size  alone  constitutes  a  small  tunnel  length.  However,  deeper  burial 
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Choosing  an  Underground  Construction  Method 


jarious  underground  construction  methods  discussed  as  options  for  the  example 
be  evaluated  on  a  site-si)ecific  basis,  since  factors  such  as  site  geology  will 
antiy  in  different  locales.  The  advantages  and  disadvantages  of  each  option 
4ighed,  and  each  alternative's  costs  and  energy  use  must  he  evaluated.  The 
ive  options  can  then  be  considered  in  terms  U  the  various  constraints  posed 
idual  site. 


Figure  9.  Tunneled  structure. 


4  CONCLUSIONS  AND  RECOMMENDATIONS 


This  report  has  described  a  survey  of  literature  covering  various  methods  used  in 
underground  construction.  The  Army  will  use  this  information  to  identify  and  compare 
methods  for  building  hardened  facilities  that  can  resist  threat  forces  and  are  safe,  cost- 
effective,  and  energy-efficient. 

In  general,  the  literature  revealed  that  construction  costs  are  greater  for  under¬ 
ground  structures;  however,  aboveground  structures  do  not  provide  security  or  surviv¬ 
ability  against  external  attack  unless  they  are  substantially  hardened.  In  providing  this 
level  of  protection,  the  construction  costs  for  shallow  underground  structures  are  com¬ 
petitive  with  those  of  hardened  aboveground  facilities.  The  belowground  structure 
becomes  more  economical  at  relatively  low  overpressures  of  35  psi  (24  605  kg/m'^)  or 
greater.  Deeply  buried  structures  or  structures  tunneled  into  mountainsides  represent 
the  most  expensive  options,  but  provide  the  greatest  level  of  survivability.  Such  facili¬ 
ties  provide  survivability  even  for  very  substantial  exterior  threats. 

Operating  costs  of  underground  buildings  are  normally  lower  than  those  of 
aboveground  buildings.  Depending  on  the  geographical  locations  of  the  building  and  the 
costs  of  energy,  the  savings  in  cooling  and  heating  costs  could  vary  from  20  to  49  percent 
for  the  underground  buildings  as  compared  to  the  aboveground  conventional  buildings. 
Therefore,  the  life-cycle  costs  of  underground  buildings  could  be  lower  than  those  of 
aboveground  buildings  over  a  20-  to  30-year  life  cycle. 

The  construction  of  large,  underground,  hardened  facilities  is  technically  feasible. 
Therefore,  it  is  recommended  that  underground  structural  systems  be  evaluated  to 
determine  their  vulnerable  components  for  various  external  threats.  Cost-effective 
improvements  can  then  be  identified  to  enhance  the  systems'  security  and  survivability. 
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